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ABSTRACT
It is sometimes argued that the uneven sky coverage of the Sloan Digital Sky Survey
(SDSS) biases the distribution of satellite galaxies discovered by it to align with the
polar plane defined by the 11 brighter, classical Milky Way (MW) satellites. This might
prevent the SDSS satellites from adding significance to the MW’s Vast Polar Structure
(VPOS). We investigate whether this argument is valid by comparing the observed
situation with model satellite distributions confined to the exact SDSS footprint area.
We find that the SDSS satellites indeed add to the significance of the VPOS and that
the survey footprint rather biases away from a close alignment between the plane fitted
to the SDSS satellites and the plane fitted to the 11 classical satellites. Finding the
observed satellite phase-space alignments of both the classical and SDSS satellites is a
∼ 5σ event with respect to an isotropic distribution. This constitutes a robust discovery
of the VPOS and makes it more significant than the Great Plane of Andromeda
(GPoA). Motivated by the GPoA, which consists of only about half of M31’s satellites,
we also estimate which fraction of the MW satellites is consistent with being part of
an isotropic distribution. Depending on the underlying satellite plane width, only 2 to
6 out of the 27 considered MW satellites are expected to be drawn from isotropy, and
an isotropic component of & 50% of the MW satellite population is excluded at 95%
confidence.
Key words: Galaxy: halo – galaxies: dwarf – galaxies: kinematics and dynamics –
Local Group – Galaxy: structure
1 INTRODUCTION
In answering a question posed by the French royal astro-
nomical society, Bernoulli (1735) was one of the first to ap-
ply probability theory to astronomy. He set out to deter-
mine whether the alignment of the then-known six planets
and their orbits in the solar system along a common ecliptic
plane could arise by chance, assuming they are drawn from
isotropic distributions. If the observed arrangement were not
unlikely to arise by chance, no particular formation mecha-
nism for the planetary alignment would be required. Using
several estimates he found the probability to be very low, be-
tween 2.7×10−6 and 7×10−7. According to Bernoulli, ”[...]
cette probabilie´ est si petite, quelle doit passer pour une im-
possibilite´ morale”1. Consequently, a formation mechanism
for coherently orbiting planetary systems had to be invoked.
While the details of his estimations can be criticized, it is
⋆ E-mail: marcel.pawlowski@case.edu
1 ”[...] this probability is so small that it must be received as a
moral impossibility.”
tempting to adopt his standard (and phrasing) of statistical
significance.
Today, we face a similar challenge on a (spatially)
much larger scale. The Milky Way (MW) is surrounded
by a Vast Polar Structure (VPOS) of satellite objects
(Pawlowski et al. 2012a). It has already been known for a
long time that most of the brightest (”classical”) MW satel-
lite galaxies are spatially distributed in a highly flattened
configuration that is aligned with the Magellanic Stream
(Kunkel & Demers 1976; Lynden-Bell 1976). Maybe more
importantly, proper motion measurements for these objects
have revealed that most of these satellites co-orbit in this
planar structure (Metz et al. 2009; Pawlowski & Kroupa
2013). Consequently, a certain resemblance to the planets in
the solar system can not be denied, even though the align-
ment is less narrow and less coherent.
The origin of this satellite galaxy alignment has since
been debated in the literature. Kroupa et al. (2005) were
the first to argue that planar satellite distributions are
in conflict with the expected distribution of primordial
dwarf galaxies in the dark energy plus cold dark mat-
ter framework of cosmology (ΛCDM). This argumentation
c© 2015 The Authors
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has since been both challenged (e.g. Zentner et al. 2005;
Libeskind et al. 2009; Wang et al. 2012) and supported
(Metz et al. 2008; Ibata et al. 2014b; Pawlowski et al. 2014;
Pawlowski & McGaugh 2014). One of the earliest suggested
(but non-cosmological) origins is that satellites distributed
along a common plane around the MW originate from the
breakup of a progenitor object such as the Magellanic Cloud
(Lynden-Bell 1983). This idea has prevailed in the debate
and evolved into to the concept of Tidal Dwarf Galax-
ies (Metz & Kroupa 2007; Pawlowski et al. 2012a). TDGs
are second-generation dwarf galaxies formed from the de-
bris of colliding disk galaxies, which are naturally phase-
space correlated if they form out of a common tidal tail
(Wetzstein et al. 2007; Duc et al. 2011). As a possible origin
of planar satellite distributions they are actively discussed
in an ever-increasing variety of dynamical and cosmological
frameworks, including TDGs expelled from M31 within a
model based on standard ΛCDM cosmology (Fouquet et al.
2012; Hammer et al. 2013; Yang et al. 2014), TDGs from
an encounter between the MW and M31 (Zhao et al. 2013)
as expected in Modified Newtonian Dynamics (MOND
Milgrom 1983), and TDGs in models of non-standard dark
matter (Foot & Silagadze 2013; Randall & Scholtz 2015).
In this ongoing debate on the origin of the VPOS and its
implications for cosmology, most contributions limit them-
selves to the empirical information provided by only the 11
classical satellites, even though the discovery of additional,
fainter MW satellites can provide further clues and support
of the VPOS phenomenon if they are preferentially aligned
with the plane defined by the 11 classical satellites.
Indeed, the fainter satellite galaxies discovered since
2005 (see Table 1 for references) were not only found to
lie close to the plane defined by the classical satellites
(Metz et al. 2009; Pawlowski et al. 2015b), they even inde-
pendently define a very similar plane (Kroupa et al. 2010).
However, it is frequently cautioned that (until recently,
see Bechtol et al. 2015; Koposov et al. 2015; Kim & Jerjen
2015; Martin et al. 2015; The DES Collaboration et al.
2015) most of the faint and ultra-faint satellites of the MW
were discovered in the Sloan Digital Sky Survey (SDSS;
York et al. 2000), which does not have an even sky cover-
age but was initially focussed on a region ∼ 60◦ around the
northern Galactic pole. It is thus plausible to argue that
this biases the discovered satellites to align with a polar
structure, which in turn might reduce or even nullify the
information the fainter satellites provide on the VPOS phe-
nomenon. This qualitative argument, however, needs to be
tested quantitatively.
We therefore set out to test whether the shape and ori-
entation of the SDSS footprint dominates the distribution of
satellites discovered in this survey by biasing them to align
with the plane of classical satellites to a degree which pro-
hibits them from providing any conclusive evidence in regard
to the VPOS. By constructing model satellite distributions
constrained to the SDSS footprint, we ensure the most de-
tailed modelling of the influence of the SDSS survey area on
the flattening of the MW satellite distribution to date.
In recent years, a growing number of satellite align-
ments similar to the VPOS have been reported (see
Ibata et al. 2014a and Tully et al. 2015, and references in
Pawlowski & Kroupa 2014). The most prominent and signif-
icant discovery is certainly the Great Plane of Andromeda
Table 1. Classical and SDSS satellites around the MW, their
Galactocentric distance rMW in kpc, SDSS data release in which
this object was discovered (∗ marks discoveries made in the
SEGUE imaging footprint) and references to the first publication
mentioning each object.
Name rMW SDSS Reference
Classical
Sagittarius 18 — Ibata et al. 1994
LMC 50 — —
SMC 61 — —
Draco 76 — Wilson 1955
Ursa Minor 78 — Wilson 1955
Sculptor 86 — Shapley 1938b
Sextans 89 — Irwin et al. 1990
Carina 107 — Cannon et al. 1977
Fornax 149 — Shapley 1938a
Leo II 236 — Harrington & Wilson 1950
Leo I 257 — Harrington & Wilson 1950
SDSS
Segue I 28 DR6∗ Belokurov et al. 2007
Ursa Major II 38 DR4 Zucker et al. 2006b
Bootes II 39 DR5 Walsh et al. 2007
Segue II 41 DR7∗ Belokurov et al. 2009
Willman 1 43 DR2 Willman et al. 2005a
Coma Berenices 45 DR5 Belokurov et al. 2007
Bootes III 46 DR5 Grillmair 2009
Bootes 64 DR5 Belokurov et al. 2006
Ursa Major 102 DR2 Willman et al. 2005b
Hercules 126 DR5 Belokurov et al. 2007
Leo IV 155 DR5 Belokurov et al. 2007
Canes Venatici II 161 DR4 Sakamoto & Hasegawa 2006
DR5 Belokurov et al. 2007
Leo V 179 DR6 Belokurov et al. 2008
Pisces II 181 DR7∗ Belokurov et al. 2010
Pegasus III 203 DR10 Kim et al. 2015
Canes Venatici 218 DR5 Zucker et al. 2006a
(GPoA). Ibata et al. (2013) found that 15 out of 27 satellites
of M31 can be assigned to a very narrow plane seen almost
edge-on from the MW. The line-of-sight velocities of these
satellites reveal that 13 out of the 15 might have the same
orbital sense. This ”Great Plane of Andromeda” (GPoA) is
thus similar to the VPOS, but consists of only a subset of all
known M31 satellites, which motivates us to estimate what
fraction of the known MW satellite galaxies might be part
of an isotropic population in addition to a planar one.
Our paper is structured as follows. Sect. 2 summarises
the sample of observed MW satellites which will be con-
sidered in this work, Sect. 3 presents the algorithm generat-
ing model satellite realisations from underlying isotropic and
planar distributions. The effect of the SDSS footprint and
the significance of the VPOS including the SDSS satellites
is determined in Sect. 4, while the fraction of isotropically
distributed satellites consistent with the observed situation
is estimated in Sect. 5. In Sect. 6 our results are summarized
and discussed.
2 OBSERVED MW SATELLITES
The 11 brightest satellites (upper part of Table 1) are com-
monly referred to as the classical satellites. They all are
MNRAS 000, 1–12 (2015)
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known for more than 20 years, and it is generally assumed
that no object of similar luminosity remains undiscovered
around the MW (except if hidden right behind the MW
disk due to dust obscuration or stellar crowding). The 11
classical satellites have a highly flattened spatial distribution
(Kroupa et al. 2005), characterized by the root-mean-square
(rms) height from a plane fitted to their positions (∆classrms =
19.6kpc), or the short-to-long axis ratio ((c/a)class = 0.18).
Within their uncertainties, the orbital poles (directions of
angular momenta) of at least eight of the classical satel-
lites are strongly concentrated (Pawlowski & Kroupa 2013),
which can be characterized by the spherical standard de-
viation from their average direction (∆std = 27.2◦ using the
updated proper motion of Pryor et al. (2015)).
In the data collected by the SDSS, 16 fainter
MW satellite galaxies have been discovered by searches
for stellar over-densities. The majority of these were
found between 2005 and 2010 in Data Releases (DR)
4 to 7 (Adelman-McCarthy et al. 2006, 2007, 2008;
Abazajian et al. 2009), but recently one additional faint
and distant MW satellite, Pegasus III, was discovered by
Kim et al. (2015) using DR10 (Ahn et al. 2014). A plane
fitted to these 16 SDSS satellite has an rms height of
∆SDSSrms = 25.9kpc, a short-to-long axis ratio of (c/a)SDSS = 0.26
and is inclined by only θ SDSSclass = 22◦ from the plane fitted to
the 11 classical satellites. Taken together, the full sample of
27 MW satellites has a rms height of ∆allrms = 28.0kpc and an
axis ratio of (c/a)all = 0.27.
In contrast to previous analyses (e.g. Pawlowski et al.
2013), Ursa Major I is not considered in the current analysis.
The dominating reason is that it was not discovered in the
SDSS survey but in the 2 Micron All Sky Survey (2MASS)
by Martin et al. (2004). Another argument against inclusion
in our analysis is that the nature of Ursa Major I is uncer-
tain, with some authors arguing that it is a a satellite galaxy
(Martin et al. 2004), and others preferring an interpretation
as a MW disk substructure (Momany et al. 2006). Since the
object is situated very close to the MW it does not substan-
tially affect satellite plane fits.
In contrast to Ursa Major I, the Pisces Overdensity
(or Pisces I if interpreted as a disrupted dwarf galaxy) was
discovered using data of the SDSS survey (Watkins et al.
2009). However, we decided to not consider it in this anal-
ysis because it was discovered using a different technique
(the clustering of RR Lyra stars identified in SDSS Stripe
82), which is not applicable to the other directions covered
by SDSS since the required repeated observations are not
available. We note, however, that the Pisces Overdensity lies
well within the VPOS and can therefore be expected to add
to this structures’ significance.
In the present study, we do not consider the more re-
cently discovered faint MW satellite candidates from a va-
riety of surveys. A major reason for this is that many dis-
covered objects still lack follow-up observations clarifying
whether they are satellite galaxies or star clusters (a dis-
tinction which in becomes increasingly blurry, too). Further-
more, these surveys are not yet completed, and some have
much smaller sky coverage than SDSS and/or are pointing
close to the Magellanic Clouds (MCs). The latter makes it
difficult to discriminate between MW and potential current
or former MC satellites, constituting an additional bias to
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Figure 1. Distribution of observed MW satellites (symbols) and
model satellites (points) for 1000 realisations each in Galactic co-
ordinates. The top panel is for an isotropic model distribution, the
bottom panel shows a purely planar model distribution. The plots
reveal the different assumed obscuration regions for the classical
(blue, |b| ≤ 12◦) and faint (red, |b| ≤ 24◦) model distributions, and
show that the faint satellites are confined to the area that was
covered by SDSS DR10.
studies of satellite alignments because the MCs are part of
and orbit within the VPOS
3 MODELS
3.1 Isotropic satellite realisations
To determine the significance of the flattening of the MW
satellite system, we compare the observed characteristics of
the VPOS with satellite distributions drawn from isotropy2.
We construct a total of 50000 realisations, each con-
sisting of equivalents of the 11 classical and 16 SDSS satel-
lites. For each satellite, we draw a random angular posi-
tion on a unit sphere around on the Galactic center, but
retain its Galactocentric distance rMW. The position vector
is then transformed to a Heliocentric coordinate system (as-
suming the Galactocentric distance of the Sun to be 8.3 kpc,
McMillan 2011).
2 This is different from the probability to find such a distribution
among sub-halo based satellite systems in ΛCDM models, which
have a slightly more anisotropic distribution (Wang et al. 2013;
Pawlowski & McGaugh 2014). We will present such a comparison
to cosmological simulation in a future contribution.
MNRAS 000, 1–12 (2015)
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For the equivalents of the classical satellites, we assume
that the obscuration by the Galactic disk hinders any detec-
tion below a Galactic latitude of |b| ≤ 12◦. We fix this ob-
scuration angle empirically by requiring that our isotropic
models are likely to contain a satellite at a comparably low
latitude as Sagittarius (at b =−14.2◦, Carina has the next-
smallest b of −22.2◦). For an isotropic distribution of 11
satellites we expect that there is on average one satellite be-
tween |b| = 12◦ and |b| = arcsin(1/11+ sin 12◦) = 17.4◦, thus
our choice is consistent with finding an object like Sagittar-
ius.
If the randomly chosen position lies within this obscured
region, a new random position is generated until one is found
that is not obscured. Once positions for each of the 11 classi-
cal satellites are found, we also construct their orbital poles
by drawing random velocity direction from an isotropic dis-
tribution.
For the SDSS satellites, the procedure differs in two as-
pects. Due to their lower surface brightness the angle defin-
ing the obscured region is increased by a generous (and thus
conservative) factor of two, thus no SDSS model satellites
within |b| ≤ 24◦ are allowed. This cut in galactic latitude
agrees with that used by Hargis et al. (2014), and like them
we assume that the average detectability of the satellites in
SDSS is not affected by their galactic latitude, which is in
line with the findings of Walsh et al. (2009). More impor-
tantly, the randomly drawn (Heliocentric) positions must
fall within the SDSS survey region. Since all 16 satellites
have been discovered in SDSS DR10 or earlier (see Table 1)
we consider the area covered up to that DR in our analy-
sis3. In order to be as close as possible to the original survey
coverage, we compare whether a position lies within one of
the 2.5◦ wide SDSS runs. This assumes that a satellite can
be discovered if ≥ 50per cent of its surface fall within the
imaging footprint of SDSS. The DR10 run parameters are
extracted from the photoRunAll-dr10.par file available from
the SDSS website4. While not very efficient, this procedure
maximizes the accuracy of the footprint modelling. If a ran-
domly chosen position lies outside of any SDSS stripe, a
new position is generated and the procedure is repeated un-
til a position is found which fulfils this requirement. As a
control-sample to test what effects the survey shape has on
the satellite distribution we also generate 50000 realisations
in which the SDSS footprint is ignored, i.e. the SDSS satel-
lites are drawn from an isotropic distribution but confined
to |b| ≥ 24◦.
The upper panel of Fig. 1 illustrates the resulting distri-
bution for 1000 realisations of the 11 classical (blue) and 16
SDSS satellites (red). The plot shows that some of the SDSS
runs extend beyond the regions of continuous coverage. For
each realisation planes are fitted to satellite positions of the
three samples (the equivalents of the 11 classical and 16
SDSS satellites, and to the total sample of 27 satellites) us-
ing the technique summarized in Pawlowski et al. (2013).
The plane fit parameters (rms height ∆rms, minor-to-major
axis ratio c/a, inclination between the classical and the mod-
3 Performing the analysis using only the 15 satellites discovered
within DR7 or earlier data and restricting the SDSS region to the
DR7 footprint provides similar results.
4 https://www.sdss3.org
elled SDSS satellite plane θ SDSSclass ) are recorded. For the clas-
sical satellites, also the spherical standard deviation ∆sph of
the eight most-concentrated orbital poles (i.e. calculated for
that combination of 8 out of 11 model satellites resulting in
the smallest ∆std) is calculated (using the technique outlined
in Pawlowski & Kroupa 2013) and recorded.
3.2 Combinations of isotropic and planar
realisations
To estimate which fraction of the known MW satellites
might be part of an isotropic distribution, we also con-
struct model satellite distributions in which only some of the
satellites are drawn from isotropy, while the others are part
of an artificial planar distribution. The input plane passes
through the Galactic center and its normal direction points
to (l,b) = (160◦,0◦), an orientation similar to that of the ob-
served VPOS5.
The number of isotropically distributed model satellites
is Niso. For each realisation, a random sub-sample of Niso
out of the full sample of all classical and SDSS satellites are
drawn and their positions are randomized as described in
Sect. 3.1. This procedure thus assumes that the classical and
the fainter satellites have the same chance to be part of the
isotropic distribution, which is consistent with the finding
that the M31 satellites in and out of the GPoA share the
same mix of properties (Collins et al. 2015).
The positions of the remaining 27−Niso satellites that
are modelled as part of a satellite plane are constructed as
follows. Each satellite again retains its Galactocentric dis-
tance rMW. We draw the perpendicular offset of the satellite
from the artificial plane using a Gaussian distribution with
an input plane height ∆inputrms . If the resulting offset is larger
than 3∆inputrms , or if the Galactocentric distance of the satellite
is smaller than the offset, then a new offset is drawn until
it is below both of these limits. The offset from the plane
and the Galactocentric distance of the corresponding satel-
lite then define the angle of the satellite out of the plane.
With this, two out of three coordinates – the radial distance
and one angular position – for the modelled satellite are
fixed. The remaining third coordinate, the azimuthal angle
along the plane, is drawn from a flat distribution between 0
and 360◦, thus assuming that the plane is evenly populated
in all directions6.
If the resulting position (in Heliocentric coordinates) is
within the region obscured by the MW disk, or not within
the SDSS survey area if the corresponding MW satellite was
discovered in SDSS, then the whole procedure is repeated
until an acceptable position is found.
For each Niso between 0 (purely planar) and 27 (purely
isotropic) we construct 5000 realisations for input plane
5 We have checked that varying the plane orientation within the
range allowed by the uncertainties on the observed VPOS does
not affect our results.
6 Note that this is not the case for the GPoA plane, which is
lopsided in the sense that 13 of 15 satellites are in the hemisphere
pointing towards the MW (Ibata et al. 2013; Conn et al. 2013).
We do not see clear indications for a similar lopsidedness in the
MW satellite distribution, such that we assume the simpler model
of an even distribution for this study.
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Figure 2. Left panel : Cumulative distribution of Heliocentric distances rhelio for the observed MW satellites (solid line) and the average
for 5000 isotropic realisations. The grey shaded area indicates the maximum variation among the 5000 models. Our model realisations
reproduce the observed distribution very well. The other two panels compare the cumulative distribution of absolute Galactic latitude
|b| for the observed MW satellites (solid line) with the average for the 5000 isotropic realisations (middle) and with 5000 realisations
in which all satellites are part of a polar plane with rms height of ∆inputrms = 25 kpc (right). The dark grey shaded region indicates the 1σ
scatter around this mean and the light grey shaded region indicates the range between the maximum and minimum.
heights ∆inputrms between 5 and 50 kpc, sampled in steps of
5 kpc. In total, we thus construct 28×10 = 280 sets of 5000
model realisations. As for the isotropic models, for each re-
alisation planes are fitted to the satellite positions and their
parameters are recorded. To illustrate the resulting satellite
distribution on the sky for a purely planar case, the satellite
positions of 1000 realisations with ∆inputrms = 25 kpc are plotted
in the lower panel of Fig. 1.
3.3 Consistency Checks
While our procedure conserves the Galactocentric distance
distribution of the MW satellites by definition, the Helio-
centric distances do not stay at their exact observed values.
Large differences in the Heliocentric distances between the
observed and the model satellite positions would be problem-
atic, because this could affect the detectability of the ultra-
faint satellites. However, we have checked that this variation
is minor, the cumulative distribution of model satellite dis-
tances closely follows the observed one (left panel of Fig.
2).
The middle panel of Fig. 2 compares the cumulative
distributions of absolute Galactic latitude |b| for satellites
drawn from an isotropic distribution with the observed satel-
lite positions. There is some discrepancy, the curve of ob-
served latitudes mostly falls below the 1σ region (i.e. the ob-
served distribution is more concentrated towards the poles
than the modelled one). This offset is most-likely caused
by the difference in the underlying distribution, not inac-
curate modelling of the sky coverage. Most of the observed
MW satellites are distributed in a polar plane with a root-
mean-square height of 20 to 30 kpc, such that it is incorrect
to compare with an underlying isotropic distribution. In-
stead, drawing the satellites from a planar distribution with
a rms height comparable to the observed VPOS results in a
good agreement of the cumulative latitude distribution with
the 1σ region (right panel of Fig. 2). This way the cumu-
lative latitude distribution acts as another indication that
the underlying MW satellite distribution is planar rather
than isotropic, and confirms that our choice of Galactic disk
obscuration and SDSS footprint provides realistic results.
A consequence of this is that estimates of the number
of satellites that are obscured by the MW disk might be
affected by incorrectly assuming isotropy for the underly-
ing satellite distribution, resulting in an over-estimate of the
number of obscured satellites. For example, Willman et al.
(2004) have estimated the number of obscured MW satel-
lites by pointing out that 9 out of the 11 classical satellites
are at |b| ≥ 30◦, which corresponds to only half the sky. As-
suming isotropy, in which case the same number of satellites
are to be expected within and outside of 30◦ of the MW
disk, the authors predict that (9/50%)− 11 = 7 satellites
as luminous as the classical ones might be hidden behind
the Galactic disk. However, our results illustrate that the
expected latitude distribution depends on the assumed un-
derlying satellite distribution. For a perfectly polar, narrow
and evenly populated plane, the distribution in b would be
uniform, so the region |b| ≥ 30◦ should contain two thirds of
the satellites. In this case an estimate equivalent to that of
Willman et al. (2004) predicts only (9/67%)−11 = 2.5 satel-
lites to be obscured. Our assumed obscuration region of 12◦
is consistent with this: 1290 = 13.3 per cent of a perfect polar
plane are hidden. The expected total number of satellites
then is 11
(1.0−0.133) = 12.7, such that about 2 satellites are ob-
scured in the assumed region.
4 SIGNIFICANCE OF THE VPOS
We quantify the significance of a satellite structure by mea-
suring the frequency P that satellite distributions drawn
from isotropy are at least as extremely aligned as the ob-
served MW satellites. This significance is either reported as
a fraction or as the equivalent (two-sided) σ deviation for a
normal distribution.
For the sake of completeness we perform the analysis
using both the absolute plane rms heights ∆rms (Prms) and
MNRAS 000, 1–12 (2015)
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Figure 3. Cumulative distributions, derived from 50000 isotropic realisations, of the rms heights of planes fitted to the satellite positions
(left panel), the axis ratios c/a (middle panel) and the angle (right panel) between the normal to the plane fitted to the observed classical
MW satellites and the normal vectors to the planes fitted to the 16 SDSS satellite equivalents confined to the SDSS footprint (solid
line) or ignoring the SDSS footprint (but not the Galactic latitude criterion, dashed line). The first two panels show the distributions
for the 11 classical (dotted blue lines), 16 SDSS (dashed red lines) and all 27 satellites together (solid black lines). The values for these
parameters derived from the observed MW satellites are indicated as vertical lines of the same colour and line style.
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Figure 4. Distribution of plane normal vectors for 50000 purely isotropic realisations constructed as described in Sect. 3.1. The grey
filled contours illustrate the plane normal vector distribution for planes fitted to all 27 model satellites in each realisation, the red contour
lines illustrate the normal vector distribution of planes fitted to the sub-sample of 16 SDSS satellite equivalents in each realisations. The
regions enclosed by each subsequent contour line include 10 per cent more plane normals. The normal direction for the sub-sample of 11
classical MW satellite equivalents is not plotted, it is symmetric along Galactic latitude, with a preference for areas closer to the equator
due to the assumed obscuration by the Galactic disk. Also shown are the plane normal directions for the 11 classical satellites (blue
circle), the 16 SDSS satellites (red diamond), both groups together (black cross), and the sample called VPOS-3 from Pawlowski et al.
(2013), which excludes three outliers (grey plus sign). The observed VPOS normals are about 30◦ to 50◦ away from the most-likely
direction defined by the SDSS survey area.
the axis ratios c/a (Pc/a). This also acts as a consistency
test, since both measures of the flattening of a satellite sys-
tem should give comparable results, in particular because
our analysis exactly preserves the observed radial distribu-
tion of the satellites from the MW. The resulting cumula-
tive probabilities of plane heights are shown in the left (for
∆rms) and middle (for c/a) panels of Fig. 3 for the fits to the
model-equivalents of the 11 classical satellites (blue dotted
lines), the 16 SDSS equivalents (red dashed lines) and the
MNRAS 000, 1–12 (2015)
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combined sample of 27 MW-satellite equivalents (black solid
lines).
4.1 Positions of the 11 classical satellites
The frequency of the observed degree of flattening of 11 clas-
sical satellites alone is only Pclassrms = 1.49 (∆modelrms ≤ ∆classrms ) and
Pclass
c/a = 1.34per cent ((c/a)
model ≤ (c/a)class). Compared to
normal distributions, these fractions are equivalent to a sig-
nificance of ≈ 2.5σ .
4.2 Positions and orbital poles of the classical
satellites
Adding to this the requirement that the orbital poles of
eight of the classical satellites are at least as strongly con-
centrated as observed reduces the frequencies substantially.
Only Pclassrms+poles = 0.012 (requiring ∆
model
rms ≤ ∆classrms and ∆modelstd ≤
∆classstd ) or P
class
c/a+poles = 0.007 per cent (requiring (c/a)
model ≤
(c/a)class and ∆modelstd ≤ ∆
class
std ) have as concentrated orbital
poles and are simultaneously as flattened (measured using
∆rms and c/a, respectively). This corresponds to a signifi-
cance of 3.8 to 4.0σ . We note that this is a conservative test
because it ignores that the orbital poles are concentrated
close to the normal direction to the VPOS (indicating the
satellite structure is rotationally supported), and also that
one of the remaining three classical satellites (Sculptor) is
also orbiting within the VPOS, but in the opposite direc-
tion. Furthermore, the resulting frequencies do not change
substantially (less than a factor of 2) if the number of con-
sidered most-concentrated orbital poles is changed from 8 to
between 6 and 10.
4.3 Positions of satellites discovered in SDSS
How does the uneven SDSS footprint affect the flattening
of the spatial distribution of SDSS satellites? Drawing 16
satellites (following the exact same radial distribution as the
observed SDSS satellites) from an isotropic model for which
only the region of |b| < 24◦ is excluded (i.e. ignoring the
SDSS footprint) results in an average rms height < ∆rms > of
40.9 kpc and an average axis ratio of < c/a >= 0.45. Adding
the requirement that the satellites are within the SDSS foot-
print (following the procedure outlined in Sect. 6) results in
an average rms height of < ∆rms >= 33.3 kpc and an aver-
age axis ratio of < c/a >= 0.37. As expected, the survey
footprint shape does indeed result in more narrow satellite
distributions on average. But these average plane heights are
still considerably larger than that of the observed 16 SDSS
satellites of ∆SDSSrms = 25.9 kpc and (c/a)SDSS = 0.26.
In addition the typical orientation of the best-fit-planes
(defined by their normal vector) is different from that of the
observed SDSS satellite plane fit. Fig. 4 shows the distribu-
tion the normal directions of these planes for 50000 realisa-
tions. The plot demonstrates that the uneven sky coverage of
the SDSS footprint introduce a preferred orientation of plane
normals. However, the preferred orientation for the SDSS-
satellite plane normals (red contours) is different from that
obtained for the plane fitted to the observed SDSS satel-
lites (red diamond) by more than 30◦. Furthermore, SDSS
satellite planes at least as closely aligned with the classical
satellite plane as observed (normal vectors aligned to 22◦ or
better) are on average slightly wider (< ∆rms >= 34.7 kpc,
< c/a >= 0.40) than those not as well aligned as observed
(< ∆rms >= 33.1 kpc, < c/a >= 0.37). This indicates that the
survey footprint, while biasing the satellite distribution to-
wards a more narrow configuration, prefers an orientation
which is different from the close alignment with the plane
defined by the 11 classical satellites. This is also evidenced
by the fraction of similarly closely aligned model satellite
planes. If the model SDSS satellites are drawn from an
isotropic distribution ignoring the SDSS footprint (but ex-
cluding |b|< 24◦) then 13.7 per cent of the resulting planes
are aligned at least as well as observed with the plane of
the 11 classical satellites. However, this frequency drops to
7.6 per cent when the SDSS satellites are required to be
confined to the actual SDSS footprint (right panel of Fig.
3). The survey shape thus clearly biases the SDSS satellites
away from being similarly well aligned as observed instead
of fostering an alignment as has often been argued.
The SDSS-equivalent model satellite distribution can be
considered to be comparable to the observed situation if a
plane fitted to their positions is at least as flattened (again
measured either with the rms height or the axis ratio) and at
least as closely aligned with the plane of classical satellites as
observed. Of all 50000 isotropic realisations, PSDSSrms = 0.82per
cent are at least as closely aligned with the classical satel-
lite plane and have an as small ∆rms as the observed value
of ∆SDSSrms = 25.9 kpc. Replacing the ∆rms criterion with the
equivalent c/a criterion, thus requiring the axis ratio to be
at least as extreme as observed, results in a frequency of
PSDSS
c/a = 0.53 per cent. If the distribution of the classical MW
satellites is given, the flattening and alignment of only the
SDSS satellite positions with the best-fit classical satellite
plane is therefore already significant at the > 99per cent
level (2.6 to 2.8σ).
For the assumed isotropic model, the distribution of
the classical satellites and of the SDSS satellites is statis-
tically independent, so the overall significance of the VPOS
consisting of both the classical and the SDSS satellites
can be obtained by multiplying the frequencies to find the
classical satellite distribution and the close alignment of
the SDSS satellites with it. For the RMS height, PVPOSrms =
Pclassrms ×PSDSSrms = 9.8×10−7 (equivalent to 4.9σ), while for the
axis ratio PVPOS
c/a = P
class
c/a ×P
SDSS
c/a = 3.7× 10
−7 (equivalent to
5.1σ). Adding the information provided by the SDSS satel-
lites thus increases the overall significance of the VPOS by
about 1.1σ . Contrary to commonly stated perceptions, the
alignment of the faint satellites discovered in the SDSS sur-
vey with the VPOS thus does indeed add information on
the VPOS phenomenon and is not merely an artefact of the
SDSS footprint.
4.4 Implications of a future all-sky survey
Motivated by the Pan-STARRS survey covering three quar-
ters of the sky (Kaiser et al. 2002), and the so far sur-
prisingly low number of objects discovered by it that
can be unambiguously identified as MW satellite galaxies
(Laevens et al. 2013, 2015a,b), the following question arises:
What if an all-sky survey with the same satellite detection
limit as the SDSS would not detect a single additional satel-
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Figure 5. Upper panel : Average height (and standard deviation,
grey area) of planes fitted to the 27 observed Milky Way satellite
positions considered in this work, plus NoutsideSDSS satellites drawn
from isotropy but confined to the region outside of the SDSS
survey and b > 24◦. Lower Panel : The frequency that the model
satellites lie within the VPOS, where ”within the VPOS” is as-
sumed to mean that the fitted plane height including the model
satellites is as narrow as the height of the plane fitted to only
the observed positions of the 27 considered Milky Way satellites
(indicated as the dashed line in the upper panel).
lite outside of the SDSS footprint? This would clearly in-
crease the significance of the satellite anisotropy compared
to an isotropic distribution, as it would imply that 16 out
of 16 satellites lie within the SDSS footprint by chance, but
none outside of it. Again assuming an isotropic satellite dis-
tribution, the chance to be within or outside of the SDSS
footprint is given by the ratio of the area covered by the
survey and the total available area. Assuming that the hy-
pothetical all-sky survey has the same detection limits as
the SDSS (and that the SDSS satellites are a representa-
tive sample) implies (1) that the radial satellite distribu-
tion is identical to that of that of the observed SDSS satel-
lites, and (2) that the same Galactic latitude limit applies
to the all-sky survey. Thus we assume that no satellite with
b≤ 24◦ can be discovered. This leaves sin(24◦) = 41per cent
of the sky free of model satellites. By generating 100000
random satellite positions drawn from isotropy and count-
ing how many of these lie outside of the obscured region
but either within or outside the SDSS, the relative areas of
the SDSS footprint and its complement are determined. The
counts show that the SDSS footprint occupies almost exactly
half of the available sky after accounting for the adopted
MW disk obscuration (30100 versus 29200 counts, which
also implies the prediction that approximately 16 additional
satellites should be discovered in an SDSS-like all-sky sur-
vey). Thus, the chance that all 16 out of 16 satellites drawn
from isotropy end up within the SDSS area is approximately
0.516 = 1.5×10−5. Not detecting a single satellite outside of
the SDSS region would thus substantially increase the sig-
nificance of the satellite distribution.
This hypothetical situation already disagrees with
our knowledge of the observed MW satellite system.
Satellite galaxies and candidates have been discovered
outside of the SDSS footprint (e.g. Bechtol et al. 2015;
Koposov et al. 2015; Kim & Jerjen 2015; Martin et al. 2015;
The DES Collaboration et al. 2015). However, most of those
discoveries align with and thus confirm the previously identi-
fied VPOS (Pawlowski et al. 2015b). Thus, we may ask how
the discovery of NoutsideSDSS additional satellites outside of
the SDSS footprint but within the VPOS affects its signif-
icance7. To determine the frequency with which the satel-
lites align with the VPOS by chance, we proceed as follows.
A number of NoutsideSDSS satellites is drawn from the radial
distance distribution of the SDSS satellites, which is equiva-
lent to assuming that the survey has the same depth as the
SDSS and that the radial distribution of the SDSS satellites
is representative. Their positions on the sky are, as before,
drawn from isotropy but are again required to lie at b > 24◦.
However, this time the satellites are required to lie outside of
the SDSS footprint region. The upper panel of Figure 5 illus-
trates how this affects the expected thickness of a plane fit-
ted to the 27 classical and SDSS satellites (at their observed
positions) plus the additional NoutsideSDSS model satellites.
The additional satellites result in a pronounced widening of
the satellite plane on average. Since the observed VPOS is
not a clearly delineated structure, we adopt the following
definition for ”all additional satellites lie in the VPOS”: they
are distributed such that the overall satellite plane height
does not increase. This allows to determine how the signif-
icance of the VPOS is affected if the additional satellites
are found to lie within the observed VPOS. The lower panel
of Figure 5 shows the fraction of realisations in which the
resulting satellite plane height (measured using the 11 clas-
sical, 16 SDSS, and NoutsideSDSS satellites in the compliment
of the SDSS footprint but not obscured by the MW disk) is
at least as small as the observed plane height for the current
observed sample of the 11 classical and 16 SDSS satellites.
The chance that the resulting satellite plane is as narrow
as observed (i.e. the satellites are on average ”within the
VPOS”) drops rapidly with NoutsideSDSS. While it is above
10 per cent up until NoutsideSDSS = 5, it is almost zero for
NoutsideSDSS beyond 10. Thus, an all-sky survey discovering
10 or more satellites outside of the SDSS but aligned with
the VPOS would imply a substantial further increase of the
significance of the structure.
5 FRACTION OF ISOTROPICALLY
DISTRIBUTED SATELLITES
The anisotropy of the MW satellite distribution was estab-
lished beyond reasonable doubt in the previous section. We
thus assume for the reminder of this contribution that at
7 If all new discoveries lie within the VPOS, the fraction foutside of
satellites outside of the VPOS would of course decrease according
to foutside = Niso/(27+NoutsideSDSS).
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Figure 6. Average axis ratio c/a (upper panel) and rms height ∆rms (lower panel) for all combinations of input plane heights ∆inputrms
and fraction of isotropically distributed satellites Niso, modelled with 5000 realisations each. The contours indicate where more than
the specified fraction of realisations is less extreme than the VPOS. The expected number of isotropically distributed satellites (50 per
cent contour) ranges between 6 for very narrow input planes and 0 for input planes larger than 35 kpc, and is about 2 for input plane
heights comparable to the observed VPOS (between 25 and 30 kpc). That more than about half of all 27 satellites are part of an isotropic
distribution can be ruled out with high significance (95 to 99 per cent).
least some of the MW satellites are part of a planar distri-
bution, and turn our attention to the question of which frac-
tion of the considered satellites could nevertheless be part of
an isotropic distribution. For simplicity and robustness we
will ignore the information provided by the aligned orbital
poles during this investigation, instead opting to use it later
on as a consistency check of our results.
To estimate how many of the known MW satellites can
belong to an isotropic distribution, we determine for which
ratio of isotropically versus planar distributed satellites in
model satellite systems we expect an overall flattening as
extreme as that of the observed MW satellite system. For
this, artificial satellite distributions that are made up of Niso
satellites drawn from an isotropic distribution, and of 27-Niso
satellites drawn from a planar distribution with an input
plane height of ∆inputrms are constructed as described in Sect.
3.2.
Figure 6 summarizes the results. The average axis ra-
tio < (c/a)all > or rms height < ∆allrms > over all 5000 reali-
sations for each combination of input plane width ∆inputrms =
[5,10, ...,45,50] and number of isotropically distributed satel-
lites Niso = [1,2,3, ...,25,26,27] are colour coded. The con-
tours indicate the fraction of systems which are less extreme
than the observed MW satellite system (e.g. larger (c/a)all
or larger ∆allrms). The results are essentially identical for the
axis ratio and rms height plots.
Not surprisingly, a larger Niso results in less narrow
planes. The typical axis ratio for a fully isotropic MW
satellite system (considering the anisotropy introduced by
the MW obscuration for the 11 classical satellites and
the uneven survey footprint for the SDSS satellites) is <
(c/a)all > (Niso)≈ 0.5, and the typically expected rms height
is ∆allrms(Niso) ≈ 46kpc. Both values are almost twice as large
as those determined from the observed satellite distribution.
For lower Niso, the contribution of on-plane satellites
becomes increasingly important. For Niso → 0, < ∆allrms > ap-
proaches ∆inputrms for small input plane heights. For larger input
heights the measured heights tend to be smaller than the
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input heights, which can be attributed to the non-complete
sky coverage and the requirement that a satellite’s offset
from the input plane can not be larger than its Heliocentric
distance (which is required to keep the Galactocentric ra-
dial distribution of model satellites identical to the observed
one).
The fraction of observed MW satellites which are part
of an isotropic populations can be estimated by finding that
Niso where the chance to have a similarly extreme satellite
plane as observed for the MW exceeds 50 per cent – or alter-
natively where the average plane height is equal to that of
the observed VPOS. As can be seen in Fig. 6 both methods
effectively result in the same answer. Depending on the in-
put plane height, we expect that two (∆inputrms = 30kpc) to six
(∆inputrms = 10kpc) of the 27 considered MW satellite galaxies
are part of an isotropic distribution. That more than 50 per
cent (14 of 27) of these satellites are part of an isotropic con-
tribution can be excluded at 95 to 99 per cent confidence.
These results are well comparable to the GPoA which
consists of about half of all M31 satellites. According to
our results, an isotropic contribution of more than ∼ 50 per
cent is essentially excluded, the VPOS is instead expected
to consist of ≥ 80per cent of the MW satellites considered in
this study. This fraction is compatible with the fraction of
MW satellites which Pawlowski & Kroupa (2013) found to
be consistent with orbiting within the VPOS (9 of 11, with
8 of these co-orbiting), and also with the number of outliers
(three out of 27) from the best-fit VPOS plane discussed in
Pawlowski et al. (2013). Taken together, these two studies
suggest that the following four MW satellites are likely not
part of the VPOS: Sagittarius (not orbiting in the VPOS),
Leo I (large offset from the best-fit plane and possibly not or-
biting in the VPOS8), Ursa Major I and Hercules (both have
a large offset from the best-fit plane). In case of M31, the
number of known off-plane satellites might be larger than for
the MW because large parts of the region obscured by the
MW disk are outside of the VPOS plane, whereas for M31
the region close to the galaxy’s disk has also been covered by
PAndAS (and in fact a number of M31 satellites lie close to
the plane defined by M31’s stellar disk, see Pawlowski et al.
2013). However, because our method explicitly excludes the
region obscured by the MW, the potential discovery of such
objects does not affect our determined significance.
6 DISCUSSION AND CONCLUSION
For the first time, we have calculated the significance of the
VPOS including the fainter MW satellites discovered in the
SDSS. For this purpose, we have characterized the VPOS by
the spatial flattening and orbital coherence of the 11 classi-
cal satellite and the similar spatial alignment of fainter satel-
8 We caution against overrating the orbital pole of Leo I. There
is only one PM measurement for Leo I yet (Sohn et al. 2013),
and for other objects different measurements sometimes differ by
much more than the reported uncertainties, indicating that the
proper motion errors are dominated by underlying systematics.
Furthermore, Leo I has a very large radial velocity relative to
the Galactic centre and might not even be a satellite dynamically
bound to the Galaxy if the latter is of low mass (Sohn et al. 2013;
Boylan-Kolchin et al. 2013).
lite galaxies discovered in the SDSS survey. We determined
the frequency to find similar coherences in isotropic distri-
butions that follow the exact same (Galactocentric) radial
distribution as the observed MW satellite galaxies.
That the alignment of the 16 considered SDSS satellites
in a narrow plane – which is oriented similar to the plane
fitted to the classical satellite galaxies – is due to the survey
footprint shape can be ruled out at more than 99 per cent
confidence. We find that the phase-space coherence of the 11
classical satellites alone already results in a very high signif-
icance of the VPOS (≈ 3.9σ), constituting good evidence
for the existence of the structure. Adding the information
provided by the fainter satellites discovered in the SDSS by
modelling the exact survey footprint and taking a stronger
obscuration by the MW disk for these fainter objects into ac-
count, we find that the significance of the VPOS increases to
≈ 5σ . Not only does this essentially rule out the possibility
that the VPOS is a mere chance alignment, it actually con-
stitutes a discovery of the VPOS by the stringent standards
of high-energy physics.
How does the significance of the VPOS compare with
that of the similar structure around M31, the Great Plane
of Andromeda (GPoA) discovered by Ibata et al. (2013)?
Comparing with distributions drawn from isotropy but con-
fined by the survey constraints, they report a significance
of 99.87 per cent (equivalent to 3.2σ) for the spatial align-
ment alone, and of 99.998 per cent (equivalent to ∼ 3.7σ)
if the line-of-sight velocity coherence is also taken into ac-
count. This means that the VPOS is more significant than
the GPoA. Both analyses are based on the same number of
satellites (27), but in the MW case the existence of proper
motion measurements for the 11 classical satellites provides
important additional information on the phase-space align-
ment of the objects. In fact, the significance of the 11 clas-
sical satellites alone already surpasses that of the GPoA.
Motivated by the fact that the GPoA consists of only
half of the M31 satellite galaxies, we have also determined
which fraction of the 27 considered MW satellite galaxies is
expected to belong to an isotropic distribution. Depending
on the underlying rms height ∆inputrms of the VPOS, we expect
between two (∆inputrms = 30 kpc) and six (∆inputrms = 10 kpc) of the
considered satellites to be part of an isotropic distribution. A
contribution of more than about 50 per cent of isotropically
distributed satellites can be ruled out at 95 to 99 per cent
confidence.
We can thus conclude that, under the assumption of
an isotropic null-hypothesis, the current distribution of MW
satellites is so unexpected to arise by chance that this pos-
sibility constitutes, with Bernoulli (1735)’s words, a ”impos-
sibilite´ morale”9. The high significance of the VPOS thus
does reveal that its existence needs an explanation – in any
cosmological framework. No comparison to satellite distribu-
tions expected in the ΛCDM cosmology were performed in
this work, so the presented results do not immediately affect
that theory. Populations of ΛCDM sub-halos are known to
be anisotropic due to correlations in the infall of structures
onto host halos, such as the preferential accretion along dark
matter filaments (Zentner et al. 2005; Libeskind et al. 2015)
and the infall of sub-halos in groups (D’Onghia & Lake 2008;
9 ”moral impossibility”
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Wetzel et al. 2015). However, overall the flattening of sub-
halo populations shows pronounced similarities to isotropic
distributions (Pawlowski et al. 2012b; Pawlowski & Kroupa
2013; Pawlowski & McGaugh 2014). Previous studies com-
paring the observed and expected phase-space distribution
of satellite population mostly focussed on the 11 brightest
MW satellite galaxies, and already found a severe mismatch
with dark matter only simulations(Pawlowski et al. 2014;
Pawlowski & McGaugh 2014). Neither has the inclusion of
baryonic effects in cosmological simulations yet been shown
to reduce the mismatch (Pawlowski et al. 2015a). In a fu-
ture publication we plan to use the technique of applying the
exact SDSS coverage developed for this paper to modelled
satellite distributions in ΛCDM simulations. This will reveal
whether the SDSS satellites compound the discrepancy be-
tween the observed MW satellite galaxies and expectations
derived from ΛCDM simulations.
ACKNOWLEDGEMENTS
MSP thanks Stacy McGaugh, Federico Lelli and Heather
Morrison for helpful comments, Vasily Belokurov for a de-
tailed discussion during the 11th Potsdam Thinkshop which
raised the question addressed in Sect. 5, and David Merritt
for pointing out the work of Daniel Bernoulli. This publica-
tion was made possible through the support of a grant from
the John Templeton Foundation.
REFERENCES
Abazajian K. N., et al., 2009, ApJS, 182, 543
Adelman-McCarthy J. K., et al., 2006, ApJS, 162, 38
Adelman-McCarthy J. K., et al., 2007, ApJS, 172, 634
Adelman-McCarthy J. K., et al., 2008, ApJS, 175, 297
Ahn C. P., et al., 2014, ApJS, 211, 17
Bechtol K., et al., 2015, ApJ, 807, 50
Belokurov V., et al., 2006, ApJ, 647, L111
Belokurov V., et al., 2007, ApJ, 654, 897
Belokurov V., et al., 2008, ApJ, 686, L83
Belokurov V., et al., 2009, MNRAS, 397, 1748
Belokurov V., et al., 2010, ApJ, 712, L103
Bernoulli D., 1735, in Jombert C., Martin G., Panckoucke eds, ,
Recueil des pieces qui ont remporte les prix de l’Academie
royale des sciences, depuis leur fondation jusqu’a present.
Academie royale des sciences (France), Paris
Boylan-Kolchin M., Bullock J. S., Sohn S. T., Besla G., van der
Marel R. P., 2013, ApJ, 768, 140
Cannon R. D., Hawarden T. G., Tritton S. B., 1977, MNRAS,
180, 81P
Collins M. L. M., et al., 2015, ApJ, 799, L13
Conn A. R., et al., 2013, ApJ, 766, 120
D’Onghia E., Lake G., 2008, ApJ, 686, L61
Duc P.-A., et al., 2011, MNRAS, 417, 863
Foot R., Silagadze Z. K., 2013, Physics of the Dark Universe,
2, 163
Fouquet S., Hammer F., Yang Y., Puech M., Flores H., 2012,
MNRAS, 427, 1769
Grillmair C. J., 2009, ApJ, 693, 1118
Hammer F., Yang Y., Fouquet S., Pawlowski M. S., Kroupa P.,
Puech M., Flores H., Wang J., 2013, MNRAS, 431, 3543
Hargis J. R., Willman B., Peter A. H. G., 2014, ApJ, 795, L13
Harrington R. G., Wilson A. G., 1950, PASP, 62, 118
Ibata R. A., Gilmore G., Irwin M. J., 1994, Nature, 370, 194
Ibata R. A., et al., 2013, Nature, 493, 62
Ibata N. G., Ibata R. A., Famaey B., Lewis G. F., 2014a, Nature,
511, 563
Ibata R. A., Ibata N. G., Lewis G. F., Martin N. F., Conn A.,
Elahi P., Arias V., Fernando N., 2014b, ApJ, 784, L6
Irwin M. J., Bunclark P. S., Bridgeland M. T., McMahon R. G.,
1990, MNRAS, 244, 16P
Kaiser N., et al., 2002, in Tyson J. A., Wolff S., eds, Society of
Photo-Optical Instrumentation Engineers (SPIE) Conference
Series Vol. 4836, Survey and Other Telescope Technologies
and Discoveries. pp 154–164, doi:10.1117/12.457365
Kim D., Jerjen H., 2015, ApJ, 808, L39
Kim D., Jerjen H., Mackey D., Da Costa G. S., Milone A. P.,
2015, ApJ, 804, L44
Koposov S. E., Belokurov V., Torrealba G., Evans N. W., 2015,
ApJ, 805, 130
Kroupa P., Theis C., Boily C. M., 2005, A&A, 431, 517
Kroupa P., et al., 2010, A&A, 523, A32
Kunkel W. E., Demers S., 1976, in Dickens R. J., Perry J. E.,
Smith F. G., King I. R., eds, Royal Greenwich Observatory
Bulletins Vol. 182, The Galaxy and the Local Group. p. 241
Laevens B. P. M., Martin N. F., Rix H.-W., 2013, in Cambresy L.,
Martins F., Nuss E., Palacios A., eds, SF2A-2013: Proceedings
of the Annual meeting of the French Society of Astronomy and
Astrophysics. pp 363–366
Laevens B. P. M., et al., 2015a, ApJ, 802, L18
Laevens B. P. M., et al., 2015b, ApJ, 813, 44
Libeskind N. I., Frenk C. S., Cole S., Jenkins A., Helly J. C.,
2009, MNRAS, 399, 550
Libeskind N. I., Hoffman Y., Tully R. B., Courtois H. M.,
Pomare`de D., Gottlo¨ber S., Steinmetz M., 2015, MNRAS,
452, 1052
Lynden-Bell D., 1976, MNRAS, 174, 695
Lynden-Bell D., 1983, in Athanassoula E., ed., IAU Symposium
Vol. 100, Internal Kinematics and Dynamics of Galaxies. pp
89–91
Martin N. F., Ibata R. A., Bellazzini M., Irwin M. J., Lewis G. F.,
Dehnen W., 2004, MNRAS, 348, 12
Martin N. F., et al., 2015, ApJ, 804, L5
McMillan P. J., 2011, MNRAS, 414, 2446
Metz M., Kroupa P., 2007, MNRAS, 376, 387
Metz M., Kroupa P., Libeskind N. I., 2008, ApJ, 680, 287
Metz M., Kroupa P., Jerjen H., 2009, MNRAS, 394, 2223
Milgrom M., 1983, ApJ, 270, 365
Momany Y., Zaggia S., Gilmore G., Piotto G., Carraro G., Bedin
L. R., de Angeli F., 2006, A&A, 451, 515
Pawlowski M. S., Kroupa P., 2013, MNRAS, 435, 2116
Pawlowski M. S., Kroupa P., 2014, ApJ, 790, 74
Pawlowski M. S., McGaugh S. S., 2014, ApJ, 789, L24
Pawlowski M. S., Pflamm-Altenburg J., Kroupa P., 2012a,
MNRAS, 423, 1109
Pawlowski M. S., Kroupa P., Angus G., de Boer K. S., Famaey
B., Hensler G., 2012b, MNRAS, 424, 80
Pawlowski M. S., Kroupa P., Jerjen H., 2013, MNRAS, 435, 1928
Pawlowski M. S., et al., 2014, MNRAS, 442, 2362
Pawlowski M. S., Famaey B., Merritt D., Kroupa P., 2015a,
preprint, (arXiv:1510.08060)
Pawlowski M. S., McGaugh S. S., Jerjen H., 2015b, MNRAS,
453, 1047
Pryor C., Piatek S., Olszewski E. W., 2015, AJ, 149, 42
Randall L., Scholtz J., 2015, J. Cosmology Astropart. Phys.,
9, 57
Sakamoto T., Hasegawa T., 2006, ApJ, 653, L29
Shapley H., 1938a, Nature, 142, 715
Shapley H., 1938b, Harvard College Observatory Bulletin, 908, 1
Sohn S. T., Besla G., van der Marel R. P., Boylan-Kolchin M.,
Majewski S. R., Bullock J. S., 2013, ApJ, 768, 139
MNRAS 000, 1–12 (2015)
12 Marcel S. Pawlowski
The DES Collaboration et al., 2015, preprint,
(arXiv:1508.03622)
Tully R. B., Libeskind N. I., Karachentsev I. D., Karachentseva
V. E., Rizzi L., Shaya E. J., 2015, ApJ, 802, L25
Walsh S. M., Jerjen H., Willman B., 2007, ApJ, 662, L83
Walsh S. M., Willman B., Jerjen H., 2009, AJ, 137, 450
Wang J., Frenk C. S., Navarro J. F., Gao L., Sawala T., 2012,
MNRAS, 424, 2715
Wang J., Frenk C. S., Cooper A. P., 2013, MNRAS, 429, 1502
Watkins L. L., et al., 2009, MNRAS, 398, 1757
Wetzel A. R., Deason A. J., Garrison-Kimmel S., 2015, ApJ,
807, 49
Wetzstein M., Naab T., Burkert A., 2007, MNRAS, 375, 805
Willman B., Governato F., Dalcanton J. J., Reed D., Quinn T.,
2004, MNRAS, 353, 639
Willman B., et al., 2005a, AJ, 129, 2692
Willman B., et al., 2005b, ApJ, 626, L85
Wilson A. G., 1955, PASP, 67, 27
Yang Y., Hammer F., Fouquet S., Flores H., Puech M., Pawlowski
M. S., Kroupa P., 2014, MNRAS, 442, 2419
York D. G., et al., 2000, AJ, 120, 1579
Zentner A. R., Kravtsov A. V., Gnedin O. Y., Klypin A. A., 2005,
ApJ, 629, 219
Zhao H., Famaey B., Lu¨ghausen F., Kroupa P., 2013, A&A,
557, L3
Zucker D. B., et al., 2006a, ApJ, 643, L103
Zucker D. B., et al., 2006b, ApJ, 650, L41
This paper has been typeset from a TEX/LATEX file prepared by
the author.
MNRAS 000, 1–12 (2015)
